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I Introduction 
Precision “Geonium” studies of a single antiproton in a Penning 

trap would be a natural continuation of such studies on more readily 
available particles’. At the University of Washington, single electrons and 
positrons have been trapped for precision g-value measurements’ and 
small numbers of protons have been trapped to measure the ratio of 
the proton and electron masses’. The major new challenge offered by 
antiprotons is in getting them from the high energies at which they are 
produced down to the very low energies where trapping can be carried 
out. Once a small cloud of antiprotons is trapped (and eventually just a 
single antiproton), a logical first experiment is to measure the antiproton 
mass and then to measure the ratio of the proton and antiproton masses 
by measuring the cyclotron frequencies of these particles in the same 
trap. The properties of the trap can be well established ahead of time via 
studies with protons. Long trapping times have already been repeatedly 
demonstrated (eg. greater than 9 months for a single electron by us’) so 
that an antiproton lifetime greater than the existing 32 hours’ would be 
soon established. Many other studies would also be possible but these are 
sufficient motivation for this note since our purpose is to discuss trapping 
techniques. 

Basic production of antiprotons at CERN and FERMILAB provides 
between 10’ and 10’ antiprotons per main accelerator cycle (5 10 s) of 
M 1013 proton.8. However, these antiprotons initally fill a phase space 
volume M lo* eV-s at a mean energy of 4-10 GeV which is poorly 
matched to the phase space volume of a trap. For example, a Penning 
trap with a 6 Tesla magnetic field and a 10 volt well depth contains 
only M lOme eV-s. Even if one assumes no phase space density dilution 
in deceleration and transfer this amounts to less than 1 antiproton per 
accelerator cycle into the trap. Fortunately, the LEAR ring at CERN is 
able to bridge this gap significantly and in what follows we shall begin 
with the antiprotons which can and are being produced at LEAR. 

The most direct approach to trapping antiprotons requires several 
stages of deceleration and cooling in progressively smaller “rings”, with 
the minimum cooled phase space density ultimately determined by space 
charge limitations. Space charge directly limits the number of cooled 
II’s available in a given ring at low energy via the intrabeam scatter- 
ing mechanism (IBS)‘. The cooling mechanism of choice at the lowest p 
energies would be electron cooling, since it is energy tunable and very 
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compact. On the other hand space charge limits the current in a low 
velocity c- beam consistent with low electron temperature. Therefore 
beam storage/cooling is not possible at the lowest energy stage (5 100 
KeV p kinetic energy). One method would be direct, transient, decelera- 
tion from the last storage/cooling stage at a few hundred KeV. Unfortunately 
such a scheme still requires an auxiliary ring to bridge the gap, at LEAR 
for instance, from 5-10 MeV to several keV to allow trapping. The direct 
approach might allow the trapping of very large number of antiprotons 
in one filling of the trap’. 

The current state of proton/electron trapping sensitivity at Washington, 
however, requires only small numbers (< 100) of p be trapped in or- 
der to achieve high signal to noise ratios. We therefore investigate here 
a B trapping scheme based on stopping foils which, in the simplest case, 
require no auxiliary decelerator/cooler past a LEAR (or equivalent) stage. 
Cooling of the trapped particles could be accomplished via the damp- 
ing provided by an external resistor as in all of the other experiments*. 
The rate for this cooling would be rather low, even in the most ideal 
case* .,. and likely would be much lower when the electrostatic anhar- 
momcrty of such a trap is realistically considered. We thereby examine 
here a possible alternate cooling scheme, electron cooling with a bufIer 
gas of cold electrons, in order to improve the cooling rate. 

II F Facility Requirements 

We discuss trapping p’a in the context of working at LEAR, in order 
to nse its well defined beam parameters. We use the lowest energy LEAR 
p energies (5-10 MeV) with beam parameters in in Table I’. 
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TABLE I Assumed LEAR Parameters 

p momentum 
AP/P 
efr 
68 

141 mev/c 
f0.8 x 1O-3 
7 mm mrad 

3.5 mm mrad 

It seems likely, however, that the M 30Meu kinetic energies already 
realiced at LEAR would be sufllcient. Such parameters are modest in 
the sense that only the initial (600 mev/c) stochastic cooling is called 
upon. NF is kept well below any limit where IBS becomes significant. We 
calculate the IBS total emittance blow up time7, I, to be much larger than 
one hour for 107-10sp for the parameters of Table I. After cooling at 600 
mev/c the beam is decelerated to 141 mev/c and ii longitudinal segment 
is fast ejected. No further cooling is required (although the scheme can, 
of course, be improved upon - as we discuss later) :Ind the enhancement 
which would be offered by RF bunching is not required. 

We would need a pulse of antiprotons only occasi[jnally during our 
loading period, perhaps every ten to twenty minutes. Once loading was 
successfully completed, no more antiprotons would bc, rleeded for long 
periods of time. In fact, the apparatus with the antipr~otons could con- 
ceivably moved to another room. The beam would never be required for 
long sustained periods of time because no statistical data taking would 
be done. 



III Antiproton Ilap Loading 

The Penning trap used for load antiprotons is represented in figure I 
and Table II. For the most precise experiments, a small number of an- 
tiprotons would be transferred to a second smaller trap which is specifically 
designed for optimal anharmonicity reduction lo The initial electrostatic . 
well for the loading trap is considerably deeper than usual (2 KeV) in 
order to trap a significant energy bite of the p “beam”. Consequently 
the trap dimensions are also larger. After the injected p’s are cooled 
the well potential would be reduced to < 100 volts to accomodate the 
standard cell potential source necessary for precision work. Injection into 
the trap is accomplished by keeping the injection endcap electrode at 
ground until p’s from the head of the p bunch have completed one full 
cycle (axially) through the trap (5 130 ns). The injection cap electrode 
is then stepped down to -4 KV, thus trapping all p’s which exited the 
degrader with 2 KeV 5 EK,= 5 4 KeV. Notice that the 130 ns transit 
time E rr sets the required LEAR bunch length ( = 5.9 meter at 141 
mev/c or 7.4%of LEAR circumference). 

TABLE II Trap Parameters 

Axial Half Height (zo) 
Radial Half Height (pe) 
Endcap - Ring Potential Diff. 
p “Beam” Entrance Aperture Radius 
Magnetic Field 
uz (PI 

1 cm 
1 cm 
4KV 
lmm 
-6T 
11.4 MHa 

Table II lists the nominal parameters of the trap we envision using. p’s 
are degraded from 10 meV to mean eero energy in the surface layer of 
the injection endcap electrode. p’s emerging into the trap volume with an 
axial kinetic energy between 2-4 KeV will be trapped. W,.: note that the 
Larmor radius for 4 KeV (worst case) p’s in 6 Tesla is 0.5 mm, so that 
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the final trapped p distribution radial extent is determined entirely by the 
spot size on the degrader (thin target - see section IV). 

Degrading the F energy at the last possible instant serves two impor- 
tant purposes. First, we take full advantage of the radial containment 
of the magnetic field. Second we can maintain the “sealed trap” concept 
which has proven so successful in Seattle single particle studies. A slight 
alternative would be a flat degrader followed immediately by a mesh 
electrode face. The combined requirement of UHV seals and of an electri- 
cally floating endcap electrode makes the construction somewhat more 
complex than in usual practice. We note, in this respect, that the endcaps 
could be at ground while the ring electrode would pulse poeitiue. This 
would result in rl being reduced by approximately i while the accepted 
axial kinetic energy slice would be O-2 KeV (see section V). 

The p capture cross section l1 determines the vacuum we must achieve 
in our trap. For instance N 1 X lOa” torr will give a capture rate of one 
per day for 5°K thermalized Helium. The rpieacent pressure expected 
from the eealed type trap of figure 1 submerged is < < lo-l4 torr13. 
No evidence of collision is detected in the existing vacuurn14 enclosures 
used now for the precision single particle experiments. However surface 
perterbing action such as e- impact from he field emission point or 
ionizing radiation from p annihilation or the accelerator environment must 
be taken into account. Ultimately a direct p storage time study is called 
for. We expect operation of the field emission point to be the worst spoiler. 
However the trap can easily include a cold labyrinth gas trap opposite the 
emission point. 

IV Beam Optics - Degrading 

In order to concentrate the initially trapped p’s as much as possible 
to allow fast electron cooling (section VI) we choose a $7 spot size on 
degrader as small as possible compatable with LEAR transverse emit- 
tance. Injection must be precisely along the trap solenoid axis. We as- 
sume that a minimum separation of 2 m must bc maintained between 
trap and the last focusing beam line element. Prob::Illy this spacing can be 
reduced since only precision studies are sensitive to rns:l:netIc perterbation. 
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(Alternatively, electrostatic lenses are possible here. Clearly a precision 
servoed beam line is required to aim down the magnet axis. 

For a 1 mm radius degrader aperture the emittances of table I indi- 
cate a 4 cm diameter beam at the 2 meter distant last focus elements. The 
horizontal plane will be twice as spread out: half the beam is lost. However 
the solenoid fringe field provides a significant focusing itself, full benefit 
from which depends on accurate entrance beam alignment. Several low 
pressure proportional chambers could be included to servo in the beam 
alignment (in conjuction with fast electrostatic steering elements). 

The degrader will be of a high purity low Z material to minimize 
induced radioactivity and multiple scatter. Our schematic indicates a 
monolithic degrader/endcap. Though simplest, this is not essential and 
may change after detailed fabrication and material property considera- 
tion. For Aluminum the range is about 25Oc(, enough for sturdy mechani- 
cal design. Apparently little is known about the stopping power for nega- 
tive massive charges below oion w ore; while for 3 KeV F’s VT = 0.22ac. 
Within mechanical tolerances, uncertainty in this very low energy range 
of stopping powers does not alter the gross range predicted (or measured) 
for protons. On the other hand the details of energy loss from M 100 
KeV to M 3 KeV (last M 1~ of range) could conceivably lead to unex- 
pected p yields. For instance it is clear that by the time fi’s reach velocities 
< ac their velocity distribution must essentially be isotropic. No notion 
of “beam” will hold, and an anomalous number will be lost to capture. 
We will allow for this by incorporating an additional factor 2 dilution 
in estimates of the final trapped number of p’s Notice that 0.22~ > > 
crcd= which is the threshhold f or significant capture cross section”. 

The longitudinal emittance (Table I) translates to a B energy spread 
of 950 KeV at the degrader. The spread due to straggling is about $ 
th@. Therefore our 2 KeV acceptance slice represents a dilution of 475. 

V Trap Efficiency, B Trapping Time, and Possible Improvements 

Table III summarized the loss fractions we assume starting from a 
coasting LEAR beam (Table I). 
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TABLE III fl Loss Factors 

LEAR Revolution period / rr at 10 MeV 
Accepted energy slice: 960 KeV / 2 KeV 
Isotropic Degraded Distribution 
Transverse Acceptance Match 

Net Dilution 

= 14.5 
= 480 

FJ2 
4 

4.4 x 10s 

Thus for < 2 X 107g coasting in LEAR at 10 mev we expect to trap M 20 
jr, a quite adequate number. Nonetheless, the trapping is inefficient: most 
of the M 10’~ will be captured in the trap electrodes. One advantage of a 
phase space conserving deceleration scheme would be to greatly increase 
this efficiency*. The total induced radioactivity will be negligible since 
the total number of stopped $8 for a complete experiment will be small. 
Single charges are routinely kept in our traps indefinitely. Therefore the 
bulk of the B dose will acrue during tuning. 

Many features of the g transfer from LEAR to trap are improved 
if further cooling processes and/or steps become available at LEAR. In 
particular a LEAR low energy electron cooling stage helps us three ways. 
First, the g beam phase space density is considerably increased. Second, 
entrainment of the p’s by the highly stable electron beam allows for stable 
beam tuning (both in energy and position). This would greatly simplify 
tuning the exact range through the necessarily fized degrader. Alignment 
of the beam line down the solenoid axis would be more reproduceable. 
Third, the momentum spread in LEAR would be so small (5 lo-‘ Ap/p) 
that tight bunching with still small energy spread is possible. These im- 
provements could reduce the net dilution to only N 250! 
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VI Electron Cooling 

In principal the M 2 KeV trapped p’s could be cooled for preci- 
sion work by external resistor damping as has been demonstrated in 
the previously mentioned experiments and recently calculated in some 
detail”. We investigate here the possibility of attaining much faster damp- 
ing via collisions with a cold electron cloud introduced by standard methods 
into the center of the trap after a potential well is established. This 
electron cloud would serve only as an electron cooler. After the p’s cool, 
these electrons would be ejected (by R.F. excitation) from the trap. 

Thus we consider the properties of such a cloud in the 2 KeV potential 
well (Table IV). 

TABLE IV Cold Electron Cloud Parameters 

cloud radius 
cloud density 
maximum space charge field 
Debeye length 
rl 
fast Coulomb log 
electron temperature 

fv 2mm 
2 x lO’/cc 
720 volts / meter 
4 X lO+m 
0.18 
9.2 
FJ 5OK 

The cloud radius is determined by the p/degrader spot size to be M 
2 mm. This radius is maintained by the standard “magnetron cooling 
techniques”‘s. Electrostatic considerations show that the shape will be 
aproximately shperical for the symmetric trap we consider here. Then the 
maximum electron density ne is constrained such that the space charge 
field < < trap field. Choosing n, = 4 X 107/cc gives a worst spacecharge 
to trap field ratio of < 1%. Such a density for electrons thermalited in 
the usual way” gives a Debeye length X0 < 4 X 10m3 cm < < cloud 
radius. This insures a well defined cloud edge. 

We avoid the issue of “adiabatic” p-e- coulomb collisions by es- 
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timating the electron cooling time solely on the basis of the “fast” colli- 
sions (impact parameter / I+ < e-cyclotron period)“. This criteria is a 
stronger limit on the maximum impact parameter than X0, so we use it 
to arrive at a (“fast”) coulomb logarithm L = 9.2. 

The electron cloud is very cold so that we have the yclassic” electron 
cooling situation u,- < < us for which the damping rate formula”: 

x = --8rcr,r,Ln,t& 

may be employed (‘I being the fraction of time the $6 spend in the cloud 
during their axial oscillation). The values summariced in Table IV then 
yield X = 0.18/s. 

Proven sideband cooling techniques can be used to insure that the 
unstable magnetron motion of the jj does not increase in radius because 
of the collisions to the point where antiprotons are lost from the trap. 
Moreover we observe that an electron cloud which does not entirely fill the 
trap cannot drive the antiprotons entirely out of the trap. In more detail, 
although each e--p collision reduces the jr kinetic energy, the angular 
deflection of the scattered p allows significant diffusion of the magnetron 
orbit radially out from the center of the trap. Since the magnetron energy 
is < < the cyclotron energy (initially r, ~1 mm, r, ~30.45 mm while 
E, ~0.08 ev and EC M 3 KeV) the magnetron motion will not be initially 
cooled. In the transverse plane (cyclotron plane) a jj will suffer “multiple” 
scattering: 

cl%* = 8*r~Ln,P~4 1 

where 1 = jj path length segment and L is the same Coulomb Log used 
for X. Let 1 E qq/X, yielding OF,,,, E m,/ms. The net diffusion of r,,, 
will then be: 

AT, E rJ,,,,, .- O.Olmm 

Since re progressively shrinks as the cooling progresses the total diffusion 
of r, is not qualitatively larger than the above. 



10 

References 

Ref. 1. See, for example, H.G. Dehmelt, R.S. Van Dyck, Jr., P.B. 
Schwinberg and G. Gabrielse, Bull. Am. Phye. Sot. 24, 757 
(1979). 

Ref. 2. P.B. Schwinberg, R.S. Van Dyck, Jr. and H. Dehmelt Phys 
Reu Lett. AZ, 1879 (1981). 

Ref. 3. R.S. VanDyck Jr., F.L.Moore, D.L. Farnham and P.B. Schwinberg 
in Proceedings gth ICAP B87, (1984) 

Ref. 4. G. Gabrielse, W. Kells and H. Dehmelt, in Proceedings gth 
ICAP B88 (1984). 

Ref. 5. M. Bregman, et. al. Phys. Lett. T?$B, 174 (1978). 

Ref. 6. A good overview of such facilities as well as ideas related to 
those we present here are contained in Phyaica at LEAR with 
Low Energy Cooled Antiprotone, U. Gastaldi and R. Klapisch, 
Eds. (Plenum, 1984) 

Ref. 7. S. Mtingwa and J. Bjorken, Fermilab Pub 82/47-THY, 1982. 

Ref. 8. N. Beverini et. al. in Reference 6 

Ref. 9. D. Miihl in Reference 6 

Ref. 10. G. Gabrielse. Phye Reu. 822, 2277 (1983) 

Ref. 11. L. Bracci et. al. Phya L&t. && 280 (1979) 

Ref. 12. See standard nuclear physics stopping power compendia and 
W. Eyrich and A. Hofmann in Reference 6. 

Ref. 13. W. Thompson and S. Hanrahan, J. tic. Sci. Tech. 14, 643 
(1977). 

Ref. 14. G. Gabrielse, P/q/e. Reu. A29, 462 (1984). 



11 

Ref. 15. R.S. Van Dyck, Jr., P.B. Schwinberg and H. Dehmelt in New 
Frontders in Rig/z Energy Phyeica, edited by B. Kursuhoglu, 
A. Perlmutter and L. Scott (Plenum, New York, 1978). 

Ref. 16. D. Wineland, and H. Dehmelt. J. Appl. P/aye. 4.@, 919 (1975). 

Ref. 17. Y.S. Derbenev and A.N. Skrinsky, Part. Accl. 8, 235 (1978). 

Ref. 18. F.T. Cole and E.E. Mills Ann. Rev. Nucl. 5%. 1981, 31:295. 



I 
I 
I 
I 

* ;:!I. 

c 

/-- 
super - 

conducting 
magnet I 11 

. . . . . . . . . 277°K 
, 

hyperbolic 
trap 

electrodes 

I 
- 
UHV closure 

‘field emission 
point 

x 
X 
X 
x 
x 
Y 

counters 

7 

> 

> 

\ 

\ 

> 

Figure 1 



1 
x 
x 
x 
x 

/-- 
super - 

conducting / I I I 
7 

> I- - 

> 
> 

“I 
ie _ _ 

Y UHV closure r ‘field emission 
point 

magnet 

\I 

hyperbolic 
trap 

electrod& 

I 
I 
I 
4~ 
I 
I 
1~ 
I 

I.’ 

B...... 
I 

7 
I 
c 
I 
I 

c proportional 
counters 

---I-- 
---+i& 
/ seals 

x 
x 
x 
X 
X 


